Sorption is a key factor in determining the persistence, attenuation and bioavailability of sediment-associated contaminants. However, our understanding of the sorption behaviour of pharmaceuticals in sediments is poor. In this study, we investigated the sorption behaviour of a diverse set of pharmaceuticals in a range sediment types. Sorption affinity of pharmaceuticals for all sediments was found to increase in the order mefenamic acid < cimetidine < atenolol < amitriptyline < diltiazem. Comparison of the experimental observations with predictions from an existing model for estimating sorption revealed the model worked poorly for the study pharmaceuticals. Multiple linear regression analysis was therefore used to develop new models for estimating sorption of individual pharmaceuticals based on sediment properties. The analyses indicated that sorption is related to properties such as Log Dow of a compound in the the sediment (lipophilicity corrected for the sediment pH), cation exchange capacity, clay%, organic carbon content and exchangeable Ca 2+ , although, with the exception of atenolol, robust relationships between sediment properties and sorption were not obtained. Overall, the results demonstrate how complex the processes are that drive the sorption of pharmaceuticals in sediments and highlight the need for generation of further experimental data and further model development work.
Introduction
Concerns over pharmaceuticals as environmental contaminants have increased in recent years [1] [2] [3] [4] [5] . Due to their continuous use by society, these substances are emitted into the environment continuously [6, 7] . Consequently, pharmaceuticals have been detected in surface waters, wastewaters, soils, sludges and sediments across the globe [5, [8] [9] [10] [11] . While the concentrations of these substances in the environment are low and therefore are unlikely to cause acute effects on organisms, it is possible that chronic and subtle effects could occur [12, 13] . A range of chronic and subtle effects, including feminization of male fish and effects on wildlife behaviour, have been observed under laboratory conditions with effect concentrations being similar to those measured in the environment, [14] [15] [16] .
Pharmaceuticals have also been shown to be accumulated by plants and to occur in drinking water supplies [17, 18] .
Once pharmaceuticals are introduced into surface water, they may undergo biodegradation, hydrolysis or photodegradation, as well as partition to natural solid matter such as suspended solids and bed sediments [19, 20] .
The fate of a pharmaceutical is thought to depend on factors such as the compounds lipophilicity, water solubility, chemical functionality as well as the ambient conditions of the receiving environment [21] [22] [23] . Sorption is one of the major factors determining the persistence and attenuation of pharmaceuticals in the natural environment [24, 25] .
Unlike neutral organic compounds, where differences in partitioning typically occurs through van der Waals interactions with soil organic carbon and is correlated to the hydrophobicity of the chemical (e.g. the octanol-water partitioning coefficients (Kow)), the sorption of pharmaceuticals, which are typically ionisable compounds, to environmental solids is thought to be through a combination of interactions e.g. hydrogen bonds, electrostatic interactions, ionic exchange and hydrophobic interactions [26] [27] [28] [29] [30] . Moreover, while the organic carbon content (OC) of sediments is known to be important in explaining the differences in the sorption behaviour of a neutral organic chemical across different soil or sediment types, factors such as the solid phase component (clay and metal content), surface exchangeable cations and pH probably play an important role in determining sorption of ionisable compounds [30] [31] [32] .
While research into the sorption of pharmaceuticals in water-sediment systems has recently increased [13, 20, 27, [33] [34] [35] [36] data are still only available for a few active ingredients so our understanding of the factors and processes affecting sorption of pharmaceuticals is limited. A number of studies have also proposed predictive models for estimating the sorption behaviour of pharmaceuticals in sewage sludge and soil [37, 38] . For example, Franco and Trapp [37] showed that predictors such as log Kow and pKa could be used successfully to predict the sorption of cationic dissociating groups to organic content in soils while failing to predict sorption for anionic groups. In sludge-water and soil-water systems, Barron et al. [38] used a non-linear correlation modelling techniques (artificial neural networks) to predict the value of the distribution coefficient (Kd) in sewage sludge and found good agreement between the model predictions and experimental observations (R=0.88). Log Kow was found to be the largest contributor to Kd with approximately 11% deviation while pKa was the second most important descriptor.
However, models for predicting sorption behaviour of pharmaceuticals in the sediment compartment are still lacking. The development of these models would be invaluable in supporting the assessment of environmental risks of pharmaceuticals released to surface waters and, in particular, characterizing likely impacts on benthic organisms.
The objective of this study was therefore to develop a better understanding of the sorption behaviour of pharmaceuticals in sediment-water systems and of how sediment and pharmaceutical physico-chemical properties influence this behaviour. The specific objectives were to: 1) explore the effects of sediment type on the sorption behaviour of a range pharmaceuticals with different properties; 2) evaluate the suitability of existing predictive models for ionsible compounds for use on pharmaceuticals in sediments; and 3) develop improved models for estimating the sorption behaviour of pharmaceuticals in different sediment types. The study was performed using five pharmaceuticals chosen based on a risk-based screening studies in aquatic and terrestrial systems that was performed by our group to identify the pharmaceuticals of most concern in environment in the UK [64] and Iraq [65] . The compounds varied in their physicochemical properties. Ten sediments, with different characteristics, collected from UK and Iraq were used in the studies.
Materials and methods

Chemicals and solvents
Amitriptyline hydrochloride (≥98% purity), atenolol (≥98%), cimetidine (≥98%), diltiazem hydrochloride (≥99%) and mefenamic acid (≥98%) were all purchased from Sigma-Aldrich (UK), (Table 1) . The solvents used, including methanol (high performance liquid chromatography (HPLC) gradient grade), acetonitrile (gradient grade) and HPLC grade water were purchased from Fisher scientific (UK). Calcium chloride, hydrogen peroxide, potassium dihydrogen orthophosphate, nitric acid and hydrochloric acid were purchased from Fisher scientific (UK); formic acid was obtained from Sigma-Aldrich (UK).
Sediment collection and characterization
Eight surface sediment samples (0-5 cm) were collected from various rivers and streams around England and two were collected from Iraq (Table 2) . Sediments from England were collected from Buttercrambe, Bishop Wilton, Millington, German beck, Helmsley and North Yorkshire Moors National Park, all in North Yorkshire; and Harborough and Skeffington in Leicestershire. The sediments from Iraq were collected from the Tigris River in Baghdad and the Alhussainya River in Karbala city which branches from the Euphrates River. After sampling, the sediments were immediately taken to the laboratory. Sediments were wet sieved through a 2mm sieve and transferred into pre-cleaned glass jars and stored at 5± 1°C until use. Plant residues and debris were removed manually. Sorption studies were performed within three months of sediment collection. The pH of the sediments was measured in 0.01 M CaCl 2 (Thermo Orion pH meter, USA) according to the ISO 10390 protocol. The organic carbon content (OC) in the sediments was measured using a total carbon content analyser (Viro Macro Elemental 
Sorption studies
Sorption studies were conducted based on the OECD test guideline 'Adsorption-Desoprtion Using a Batch Equilibrium Method' [39] . The study was performed in two phases. Initial experiments were done to identify the optimum sediment:solution ratio for each pharmaceutical. A definitive study was then done to develop the sorption isotherm. In the initial experiments, 1 g of sediment (dry weight equivalent) was weighed into 50 ml centrifuge tubes (centrifugation tube, Fisher scientific, Mexico) and mixed with either 10, 25 or 30 ml of 0.01 M CaCl 2 over 24 h prior to spiking of the test pharmaceuticals. Triplicate tubes were prepared for each sediment:solution ratio, time point and pharmaceutical. Aluminium foil was used to wrap the centrifuge tubes to prevent photochemical reactions during mixing. The pharmaceuticals were then spiked into the aqueous phase to give a concentration of 100 mg L -1 .
Tubes were then agitated at 120 oscillation min m nylon filter to remove the suspended solids and particulate matter. Finally, 2 ml of the supernatant was taken for determination of pharmaceuticals concentrations. A control treatment with the same test conditions but without sediment was set up to determine possible degradation or adsorption of the pharmaceuticals to vessels.
In the main study, a sediment to solution ratio of 1:10 was used for atenolol, cimetidine and mefenamic acid while ratios of 1:25 and 1:30 were used for diltiazem and amitriptyline respectively (as determined in the preliminary experiments). In order to create sorption isotherms, pharmaceuticals were spiked into vessels to give concentrations of 20, 40, 60, 80 and 100 mgL −1 .
Analytical method
Concentrations of the study compounds in supernatant from the sorption experiments were determined using analytical methods developed by our group using an HPLC (Perkin Elmer, Flexar) coupled with photodiode array detection and equipped with an automated injection system. An isocratic elution method was used for all compounds. Separation was achieved using a Supelco 516 C-18-DB reverse-phase column ( Table S1 and Figure S1 (supporting information).
Sorption isotherms modeling
The mass difference between the initial (C i ) and residual concentration (C e ) were used to determine the sorbed amount (Qe) in the sediment [mg kg
. Statistical analyses were conducted on the resulting sorption coefficients, using the SPSS 22.0 statistical software package, to evaluate differences in a compounds behaviour across sediment types. One-way ANOVA was performed to explore the effect of sediment type on sorption of individual pharmaceuticals . Post Hoc ANOVA test was used to show the difference of sorption from one sediment to another. Kruskal Wallis non parametric analysis of varience was used when normality test failed.
Evaluation of existing models for estimating the sorption behaviour of pharmaceuticals
Koc values were calculated for each pharmaceutical and each sediment type using models proposed by Franco and Where: Kow is the octanol-water partition coefficient; pKa is the acid dissociation constant; ƒ is a parameter expresses a diffusion limiting factor and equal to Kow/(Kow+ 1). While, n and i are neutral and ion fractions respectively and were determined using Equations 5 and 6.
n =1/1+10 a (pH-pKa)
Eqn. 5 ion =1-n Eqn. 6
Where a = 1 for acids and -1 for bases.
Estimates of Koc were then compared to measured values to assess the performance of the models.
Development of new models for estimating the sorption behaviour of the study pharmaceuticals across sediment types
The stepwise multiple-linear regression function in SPSS 22.0 was employed to try to develop relationships between Kd as the dependent variable and combinations of sediment physical-chemical property parameters as the explanatory variables. The Dow, which is a measure of the pH-corrected hydrophobicity of an ionisable compound in a particular environment was also estimated (using Equations 7 and 8) and used in the analyses as this parameter has previously been shown to explain differences in the sorption behaviour of ionisable compounds [24, 40] . The
Pearson correlation coefficient (R and P-value) was used to show the degree of linear relationship between Kd and single sediment or pharmaceutical properties (table S2) .
LogDow acid = log Kow -log (1+10 (pH-pKa) ) Eqn. 7
LogDow base = log Kow -log (1+10 (pKa-pH) ) Eqn. 8
Results and discussion
Partitioning of pharmaceuticals between water and sediment
In the control treatments, for all pharmaceuticals, at least 95% of the initial concentrations remained after 24 h (Figure 2 ; Table S2 ). Variability in pharmaceuticals sorption behaviour is likely due to several factors including total organic content, sediment texture, pH, salinity, the duration of incubation, particle size, degree of sedimentwater interactions or the heterigenicity of the organic carbon in the sediments [25, 26, 43, [51] [52] [53] [54] 68] . 
Evaluation of existing predictive model for sorption
Generally, for each study pharmaceutical, the variability in predicted Koc across sediments, obtained using the model of Franco and Trapp [38] was lower than the variability observed in the experiments (Table 3) . The model tended to over-predict the sorption of the basic compounds and under-predict the sorption of the acids. No correlation between predicted and measured Koc was observed except for cimetidine ( Figure 3 ). This result is not unsurprising as the properties of the sediments investigated in this study fall outside the applicability domain specified by Franco and Trapp for their model in terms of the relationship between soil organic carbon content and %clay. It is important to also recognize that this is a model for soils so may not be directly transferrable to sediments [66] . Therefore, sorption model that consider specific properties of the sorbate and sorbent are probably needed to describe the partitioning of ionisable chemicals in the environment [67] .
Multiple linear regressions for Kd prediction
As the Franco and Tapp model did not perform well for the study pharmaceuticals and sediment systems being investigated, studies were done to explore whether it is possible to model the sorption behavior of each study pharmaceutical based on sediment properties. This approach has been used for other ionisable compounds in different environmental matrices [40, 59] . Multiple linear regression analysis was performed to explore relationships between sediment and chemical properties and sorption coefficients (Kd) for each individual pharmaceuticals. The best performing regression models for each study compound are shown in Table 4 . Combinations of only significantly correlated properties (sediment and pharmaceutical) were selected by the software package. In the case of cimitedine (clay %, OC %) and diltiazem (log Dow, Ex.Ca 
Suggested mechanisms of interaction
Potential Mechanisms for the adsorption of selected pharmaceuticals and how they are influenced by properties of the compound and the sediment are shown in Table 5 . For amitriptyline, the only property extrapolated from multiple regression model to best explain the variability in sorption across sediment types was the log Dow. This suggests that the hydrophobic interaction of the non-ionised form of this cationic pharmaceutical is the dominant sorption mechanism for amitriptyline. Sorption was also correlated with CEC and selected sediments cations (Table   S3 ); so these properties may also be contributing to sorption and additional mechanism such as electrostatic interactions between sorbent and substance is also possible [42, 43] .
The sorption of mefenamic acid and atenolol across sediment types appeared to be dependent on OC% and CEC respectively. Mefenamic acid is highly dissociated at natural pH values; and when the carboxylic group deprotonates, the negatively charged sepcies become dominant [44] . This may lead to electrostatic repulsion between mefenamic acid molecules and the negatively charged sediments which might explain why this compound is not highly adsorbed by sediments [45] . The bonding mechanism seems to be much more complex than simple hydrophobicity and hydrogen bonding and suggesting another interaction mechanism such as bridging between -COOH group and exchangeable cations on clay or organic matter [26, [46] [47] [48] . The extent and strength of this coordination depends on the nature of the cation that saturated the clays [69] .
With a pKa of 9.6, atenolol is predominantly positively charged at environmental pH values. The main suggested sorption mechanisms of atenolol in the literature are electrochemical interaction and ion exchange [29, 41, 49, 50] and could be via charge transfer interaction due to the structure of the molecule, with its electron donor atoms (two nitrogen atoms and one oxygen form OH group) or hydrogen bonding interaction [49, 56] . Schaffer et al. [41] found that 99% of the total sorption of atenolol was by cation exchange interaction. On the other hand, Williams et al. [28] found that atenolol sorption is concentration dependent due to 1/n value <1 which is similar to the adsorption behaviour on sediments in this study except for HAB sediment. Despite the significant correlation to different sediment properties, CEC in this study seem to have a noticeable effect.
For diltiazem, sorption was found to depend on log Dow and sediment exchangeable Ca
2+
. The relationships with Dow is likely explained by hydrophobic interactions of the neutral species with sediment organic matter [43, 57] .
Additionally, higher concentration of exchangeable divalent cations (e.g. Ca
) adhering to the surface of sorbent increase the sorption of pharmaceuticals greater than monovalent ctions (K + ) via ion-exchange interaction [26, 47, 48] .
The Kd of cimetidine is positively impacted by clay% and OC%. Hydrophobic interaction with organic matter and hydrogen bonding probably play a greater role in the sorption process due to the presence of a greater neutral form fraction. In addition, basic ionisable compounds are known to interact to clay fraction via electrostatic interaction to surface particles [40, 58] . However, the high surface area of clay leads to an increase in the number of available sorption sites [59] .
Conclusion
This study investigated the sorption of five pharmaceuticals with different physico-chemical properties onto ten different sediments. The study showed that organic carbon content is not the only predominant factor controlling the sorption behaviour in sediments with high variability in CEC and texture content. Multiple linear regressions showed that the Kd prediction using proposed models depended on a combination of OC% and clay% in the case of cimetidine and Log Dow and exchangeable cations (Ca 2+ ) for diltiazem. Single predictors were chosen to predict the sorption of amitriptyline, atenolol and mefenamic acid respectively across sediment types. The validity of the proposed regression equations was tested using independent data and gave good results for atenolol. The model evaluation indicated that the models performed poorly for mefenamic acid and cimetidine.
Overall, the results demonstrate how complex the processes driving the sorption of pharmaceuticals in sediments are. Much more work of this type is needed before we can fully understand the interplays between pharmaceutical and sediment properties and sorption. In the future, we recommend that work is done using a wide range of pharmaceuticals and sediments that are well characterized in terms of the properties of the sediment solids and pore water chemistry. Such work could lead to the development of new models that would allow the prediction of partitioning of a wide range of pharmaceuticals at high spatial resolutions. These models will be invaluable for better characterizing the environmental risks of pharmaceuticals in natural systems. 
